Since the discovery of carbon nanotubes 1 , it has been speculated that these materials should behave like nanoscale wires with unusual electronic properties and exceptional strength. Recently, 'ropes' of close-packed single-wall nanotubes have been synthesized in high yield 2 . The tubes in these ropes are mainly of the (10,10) type 3 , which is predicted to be metallic [4] [5] [6] . Experiments on individual nanotubes and ropes 7, 8 indicate that these systems indeed have transport properties that qualify them to be viewed as nanoscale quantum wires at low temperature. It has been expected that the close-packing of individual nanotubes into ropes does not change their electronic properties significantly. Here, however, we present first-principles calculations which show that a broken symmetry of the (10,10) tube caused by interactions between tubes in a rope induces a pseudogap of about 0.1 eV at the Fermi level. This pseudogap strongly modifies many of the fundamental electronic properties: we predict a semimetal-like temperature dependence of the electrical conductivity and a finite gap in the infrared absorption spectrum. The existence of both electron and hole charge carriers will lead to qualitatively different thermopower and Hall-effect behaviours from those expected for a normal metal.
Carbon nanotubes are tubular structures which are typically a few nanometres in diameter and many micrometres in length. These quasi-one-dimensional systems are predicted [4] [5] [6] to have an electronic structure dictated by their geometric structure. In particular, an isolated armchair-type nanotube (one whose roll-up indices are (n; n)) has two linear bands which cross at the Fermi level. These two linear bands give rise to a constant density of states near the Fermi level and to metallic behaviour in conduction and other physical properties. One of the bands has p-bonding and the other has p-antibonding character. An isolated (n; n) nanotube has n mirror planes containing the tube axis. The p-bonding state is even (the wavefunction has no sign change) and the p-antibonding state is odd (sign change) under these symmetry operations. The band crossing is allowed and the armchair nanotube is metallic as shown schematically in Fig. 1a . It is precisely this symmetry of the isolated (n; n) tube that gives its desired metallic behaviour 9 , and this property motivates many of the recent electrical measurements. Breaking of this symmetry, however, will completely alter this picture.
With the rope axis vertical, if one were to separate the tubes in a rope far enough to eliminate any interactions between the tubes, then the energy bands of the rope would have no dispersion in the horizontal plane, and the band structure along any vertical line in reciprocal space would be identical to that of a single isolated tube, with a band crossing as shown in Fig. 1a . However, the actual distances between tubes in the ropes are small enough that each nanotube can feel the potential due to all the other nanotubes. As a result of this perturbation, the Hamiltonian at any point k where the two bands used to cross becomes symmetry, the off-diagonal matrix elements may still be zero and a crossing may persist. However, at a general k-point the inter-tube interactions, which have not been considered in detail in the past, will dramatically change the physics of the ropes. To determine the character and magnitude of the pseudogap, we make calculations including the full interaction between the tubes using both the ab initio pseudopotential local-density-functional method and the empirical pseudopotential method 10 (EPM). The empirical pseudopotential is generated so as to reproduce the band structure of a single graphene sheet and of graphite 11 accurately near the Fermi level. With this choice, our potential captures both the intra-and inter-tube interactions and describes the electronic structure of the rope correctly. With the EPM, the computational effort is considerably reduced, allowing a detailed investigation of the electronic states of the ropes. Our ab initio pseudopotential band structures for the ropes at selected k-points confirm the EPM results.
Experimentally, the ropes are found to contain hundreds of tubes of nearly uniform diameter forming a triangular lattice 3 . In this work, the (10,10) tubes are packed in a hexagonal array in the x-y plane with the tube axes along the z-direction and with the intertube carbon-carbon distance being 3.3 Å . This arrangement is depicted in Fig. 2 . The rotational orientation of the tubes relative to each other determines the symmetry of the structure and has an important bearing on the band structure near the Fermi level.
First, we consider the general case where the tubes are rotated by an arbitrary angle (that is misaligned) about the z-axis, so that the rope as a whole loses all vertical mirror planes. The symmetry is low (C 2h group) and the off-diagonal matrix element Bands at different k Ќ tend to overlap, and so even if there is a gap along the k z -direction for each k Ќ , the rope may still be metallic.
To model this general case, we perform a calculation where a vertical row of hexagons in one tube lines up 1.5Њ off from perfect alignment with a hexagon row in one of the neighbouring tubes. The calculated density of states (DOS) is plotted with a broken line in Fig. 3a . Gaps open in the band structure which create a valley of ϳ0.1 eV width in the DOS curve. The DOS at the Fermi level is still about 1/3 of the average density of states: this non-zero value is due to the overlap of bands at different k Ќ as expected from the above argument. We call this valley in the DOS at the Fermi level a
To examine the effect of orientation, we next consider the special case where the tubes are aligned so that a vertical chain of hexagons along one tube lines up exactly with another chain of hexagons on a neighbouring tube. This is the most symmetric situation (D 2h group), and some reflection symmetry is preserved. However, unlike the case of the isolated tube, band crossing in the threedimensional rope requires additional conditions on the electronic states. Our calculations show that the crossing of the two linear bands does occur along particular high-symmetry lines of k Ќ in the Brillouin zone. Previous calculations on a hexagonal lattice of the smaller (6,6) carbon nanotube have shown similar features 12 . At all other values of k Ќ , bands again split. The calculated DOS in this case is plotted with a solid line in Fig. 3a . As the measure of the highsymmetry k-points in k-space is zero, there is no significant change in the DOS near the Fermi level. This leads to the important conclusion that the DOS (and hence properties related to it) does not depend on the details of the relative orientations of the tubes. The existence of the pseudogap due to the broken symmetry in the rope makes the conductivity and other transport properties significantly different from those of isolated tubes, even without considering the effect of local disorder in low dimensions 13, 14 . The carrier density will increase as the temperature is raised because the DOS increases quickly away from the Fermi level, as shown in Fig. 3a . This structure in the DOS will also make the properties of the rope sensitive to doping.
The p-bonding and p-antibonding states produce two Fermi surfaces. Under the assumption of the highest possible symmetry (D 2h ) of the rope, we find a pocket of electron-like states in the shape of a rhombic pancake and another pocket of hole-like states in a similar shape. As the periodic structure and the symmetry are disturbed in real ropes, we expect that the Fermi surfaces are smeared out to some degree. A rather complex temperature dependence of thermopower and Hall effects is expected because of the coexistence of electrons and holes as well as the partial smearing out of the Fermi surfaces.
To examine the optical properties, we calculate the joint density of states (JDOS) for both orientations of the tubes in the rope (Fig.  3b) . The JDOS is defined by
where o and u run over the occupied and unoccupied states respectively, and BZ is the Brillouin zone. For an isolated tube, because of the two linear bands crossing at the Fermi level, the JDOS has a nonzero value at E ¼ 0 and remains almost constant up to ϳ1 eV. In a rope, on the other hand, the band repulsion makes the JDOS at E ¼ 0 vanish completely. The band overlap for different k Ќ does not change the JDOS because the JDOS measures the transition energy for each given (conserved) k-vector, as defined in equation (2) . Although the symmetrically aligned tubes do produce band crossings at some high-symmetry k-points, the measure of those k-points contributing to the JDOS at E ¼ 0 is again zero, and the misaligned and aligned tubes do not show significant differences in Fig. 3b . Infrared absorption measurements should show the difference in behaviour between the isolated tubes and the rope. However, we wish to note that the vertical (k-conserving) transitions of electronic states assumed in equation (2) may have to be relaxed in the study of ropes. As a real rope does not have a perfectly periodic structure, k-conservation is only approximately valid. In the extreme case of complete disorder, an infrared experiment would reflect the DOS rather than the JDOS. In the present case, an infrared measurement would show features in between the JDOS prediction of a gap of a few tens of meVand the DOS prediction of a pseudogap. Finally, as a stronger external perturbation in general would lead to a larger band repulsion, a rope could behave like a semiconductor under a sufficiently strong perturbation. This may be an explanation for the quantum dot behaviour of isolated tubes and ropes 7, 8 in which some semiconductor barrier region seemingly develops at the contact where a substantial perturbation in potential is expected to occur. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
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The design of synthetic ligands that read the information stored in the DNA double helix has been a long-standing goal at the interface of chemistry and biology [1] [2] [3] [4] [5] . Cell-permeable small molecules that target predetermined DNA sequences offer a potential approach for the regulation of gene expression 6 . Oligodeoxynucleotides that recognize the major groove of double-helical DNA via triple-helix formation bind to a broad range of sequences with high affinity and specificity 3, 4 . Although oligonucleotides and their analogues have been shown to interfere with gene expression 7, 8 , the triple-helix approach is limited to recognition of purines and suffers from poor cellular uptake. The subsequent development of pairing rules for minor-groove binding polyamides containing pyrrole (Py) and imidazole (Im) amino acids offers a second code to control sequence specificity [9] [10] [11] . An Im/Py pair distinguishes G⋅C from C⋅G and both of these from A⋅T/T⋅A base pairs [9] [10] [11] . A Py/Py pair specifies A,T from G,C but does not distinguish A⋅T from T⋅A [9] [10] [11] [12] [13] [14] . To break this degeneracy, we have added a new aromatic amino acid, 3-hydroxypyrrole (Hp), to the repertoire to test for pairings that discriminate A⋅T from T⋅A. We find that replacement of a single hydrogen atom with a hydroxy group in a Hp/Py pairing regulates affinity and specificity by an order of magnitude. By incorporation of this third amino acid, hydroxypyrrole-imidazole-pyrrole polyamides form four ringpairings (Im/Py, Py/Im, Hp/Py and Py/Hp) which distinguish all four Watson-Crick base pairs in the minor groove of DNA.
Because of the degeneracy of the hydrogen-bond donors and acceptors displayed on the edges of the base pairs, the minor groove was thought to lack sufficient information for a complete recognition code 15 . But, despite the central placement of the guanine exocyclic N2 amine group in the G,C minor groove 15, 16 , Py/Im and Im/Py pairings distinguish energetically between G⋅C and C⋅G [9] [10] [11] 17, 18 . The neighbouring Py packs an Im to one side of the minor groove resulting in a precisely placed hydrogen bond between Im N3 and guanine N2 for specific recognition 19, 20 . This remarkable sensitivity to single atomic replacement indicates that substitution at the 3 position of one Py within a Py/Py pair can complement small structural differences at the edges of the base pairs in the centre of the minor groove. For A,T base pairs, the hydrogen-bond acceptors at N3 of adenine and O2 of thymine are almost identically placed in the minor groove, making hydrogen-bond discrimination a challenge (Fig. 1) 
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. The existence of an asymmetrically placed cleft on the minor groove surface between the thymine O2 and the adenine 2H suggests a possible shape-selective mechanism for A⋅T recognition 21 . We reasoned that substitution of C3-H by C3-OH within a Py/Py pair would create 3-hydroxypyrrole (Hp)/Py pairings to discriminate T⋅A from A⋅T (Fig. 2) . Selectivity could potentially arise from steric destabilization of polyamide binding via placement of Hp opposite A or stabilization by specific hydrogen bonds between Hp and T.
Four-ring polyamide subunits, covalently coupled to form eightring hairpin structures, bind specifically to 6-base-pair (bp) target sequences at subnanomolar concentrations 11, 18 . We report here the DNA-binding affinities of three eight-ring hairpin polyamides containing pairings of Im/Py, Py/Im opposite G⋅C, C⋅G and either Py/Py, Hp/Py or Py/Hp at a common single point opposite T⋅A and A⋅T (Fig. 2b) . Equilibrium dissociation constants (K D ) for ImImPyPy-␥-ImPyPyPy-␤-Dp (1), ImImPyPy-␥-ImHpPyPy-␤-Dp (2), and ImImHpPy-␥-ImPyPyPy-␤-Dp (3) were determined by 
